ABSTRACT On the basis of growth nurse egg consumption and respiration rate measurements, an energy balance for encapsulated embryos of Crepldula dllatata Lamarck was established in an estuanne population in Southern Chlle Consumpt~on of nurse egg was highest within the first weeks of life of the shelled embryos Embryonic growth rate was hlgh in telms of shell length and biomass, compared with literature data for pelagic Ialvae of related species The h a t c h~n g process began when the embryos leached shell lengths between 1100 and 1 2 0 0~t m (extreme values 1075 and 1600pm) Oxygen consumption values pei individual were very low and consequently, had little influence on the energy balance During early development, ingested energy met the energy costs of the embryos The balance point between ingested and consumed energy occurred at a shell length of 650 pm Above this size, energy costs greatly exceeded Ingested energy, hence larger embryos use energy acquired and stored during the early first development stages The efficiency with which stored energy was used exceeded 90 % and the high (values (> 90 'K,) for net growth efficiency (K,) demonstrate the channeling of ingested energy almost exclusively towards giowth
INTRODUCTION
In addition to providing direct parental care to the embryos some prosobranch gastropods also look after the capsules. Several functions have been attributed to thls strategy of encapsulating the embryos, including protection against predation (Phillips 1969 , Spight 1975 , Pechenik 1979 , Perron 1981a , Perron & Corpuz 1982 , sudden osmotic fluctuations (Pechenik 1982 (Pechenik , 1983 and water loss (Spight 1977 , Pechenik 1978 , and increasing the probability that offspring remain in the parental area (Chapman 1965 , Gibbs 1968 , Rivest 1983 . Moreover, a possible nutritional benefit has been pointed out, especially in gastropod capsules which enclose extraembryonic yolk in the form of nurse eggs (e.g. Thorson 1950 , Gallardo 1976 , 1977a , b, 1979a , Spight 1976a , &vest 1983 , thereby supplying additional nourishment to embryos (Pechenik 1986) . It is also possible that the intracapsular fluid may play a role in the nutrition of the embryos, as documented for several gastropod species (Bayne 1968 , De Mahieu et al. 1974 , Clark & Jensen 1981 . Pechenik (1986) has pointed out that egg capsules are chemically complex and energetically costly, and that their formation requires highly modified female reproductive anatomy, physiology and behavior. He concluded that the advantage of this reproductive mechanism is increased embryonic survival, until now barely understood, which must be very high if it to compensate for the high costs associated with this strategy. Gallardo (1980) considered direct development to be an advanced reproductive mechanism from the energetic point of view, especially in those cases in which development is carned out on the basis of nurse eggs. He proposed that in muricid gastropods the presence of extraembryonic yolk would favour fast embryonlc development, reducing the period necessary for the hatching of juveniles, and therefore reducing exposure to mortality pressures in intertidal areas (Gallardo 1979b) . Energetic considerations require that large eggs develop more slowly than small ones (McLaren et al. 1969 , Steele & Steele 1973 , Wear 1974 , Spight 1975 , Perron 1981a , so that basing intracapsular development on the presence of small embryonic eggs together with nurse eggs would apparently be the most efficient means of attaining hatching size more quickly. The short development time reduces problems such as predation and physical stress (Spight 1975 ).
In his review, Pechenik (1986) indicated that an experimental approach is necessary to understand the adaptive benefits of encapsulated development and the evolutionary forces responsible for this mechanism. Experiments are particularly required in order to understand the bioenergetic processes in the microenvironment represented by the egg capsule, and its relationship with the success of development, noted by Gallardo (1980) . Many questions arise. Is the energy supplied by nurse eggs enough to meet the energy demands of the embryos? Does the intracapsular fluid represent a significant source of nutrition? What are the energetic costs of intracapsular development (measured as respiration)? These questions form the basis of the present investigation into the bioenergetics of the embryos within the egg capsules of the species Crepidula dilatata Lamarck, in which the reproductive biology includes benthic spawning, the provision of nurse eggs and direct intracapsular development.
MATERIALS AND METHODS
Stones bearing Crepidula dilatata were collected during fall and winter from the subtidal zone in the Quempillen estuary, Ancud, Chiloe, Chile (41 "52' S; 73"46' W). In the laboratory, individuals with capsules adhering to the substrate and containing nurse eggs and/or embryos were detached from the stones for use in the present study.
Nurse eggs and embryo variables. Eggs from several clutches of capsules were washed in 3 % ammonium formate (Thompson 1984) , dried for 24 h at 90°C and then weighed. Subsequently, they were combusted at 500°C for 15 min to determine inorganic matter (Toro & Winter 1983) . The weight of the organic fraction was obtained by difference between the dry weight of the eggs before and after ignition. The same procedure was used for embryos of different sizes, to relate organic and inorganic content to shell length.
To measure caloric value, eggs and embryos were obtained separately from several groups of capsules. These were washed and dried as described, and later combusted in a Phillipson oxygen microbomb calorimeter Growth rate. To establish growth rate (GR: blm shell growth h-'; yg organic matter h-'), egg masses of Crepidula dilatata were kept without parental care in aquaria with filtered seawater (changed every 3 d ) , at 17 f 0.5"C and salinity 27 ? 2 "/m (close approximations to ambient). Every 2 to 7 d, 1 to 3 capsules were sampled from each spawning mass and the number of eggs and embryos noted as well as maximum embryonic shell length. Since it was not possible to differentiate among embryos and nurse eggs, measurements of growth were carried out from the stage when a velum appeared (shell >200 pm) until the embryos were close to hatching (l075 ltm)).
Increase in shell length was converted into organic matter using the formula OM = 3.616 X 10-l1 L2.06 ( S e e Fig. 2) . The organic matter of the embryos (GR = pg organic matter h-') was converted into energy units using average caloric values determined for the embryos and expressed in energy/ash free dry weight (GR = mJ h-').
Respiration rate. The respiration rate (RR) was quantified by placing capsules in a continuously recording microrespirometer, with a l 0 m1 volume chamber and constant stirring to homogenize the water in the chamber. The salinity of the seawater used was 27 f 2 % with a temperature of 17 -+ 0.5"C. In each measurement the capsules of a complete spawning were used (15 to 24 capsules, 150 to 360 embryos), coming from a single mother, in order to utilize individuals with similar stages of development (same age). RR was measured starting with the egg stage (recent spawning), and continuing up to the maximum prehatching size (1600 pm length). Owing to the difficulty in differentiating clearly between nurse eggs and embryos, oxygen consumption was measured in undifferentiated spawning masses and the lowest values were assumed to be from the most recent spawning, containing only nurse eggs. Total oxygen consumption was then divided by the total egg number in the clutch in order to estimate the consumption of one nurse egg. This value, assumed to be constant throughout the experiment, was used to calculate the oxygen consumption that must be subtracted from the total in order to obtain an estimate for the embryos only.
To calculate oxygen consumption, the total volumes of seawater and intracapsular fluid were considered, assuming the same oxygen saturation for both media. To establish the volume of intracapsular fluid, egg and embryo volumes were calculated, from the most similar geometric figure, and subtracted from capsule volume. Experiments were stopped before the oxygen tension reached a minimum value of 60 % of saturation.
The values of RR (m1 O2 h-') were transformed to caloric units, using the conversion factor 1 m1 O2 = 19.9 Joule = 4.75 cal (Thompson & Bayne 1974) .
Ingestion rate. The ingestion rate (IR) of embryos was defined as the number of nurse eggs consumed per hour. For this reason, the ratio between the number of nurse eggs and embryos was established in every capsule, before the embryos started feeding, and at intervals during intracapsular development. The decrease in nurse egg numbers was assumed to be entirely attributable to ingestion by the embryos, and it was also assumed that the ingestion rates were equal for all embryos. The time period between measured sizes of embryos, together with the growth rate, allowed the calculation of IR. The values for the numbers of eggs consumed were transformed into energy units using the caloric estimates (IR = mJ h-').
Assimilation rate. Assimilation rate (AR) was calculated following Pechenik's (1980) criterion:
Assimilation efficiency. Assimilation efficiency (AE), which represents the part of the ingested food that is effectively assimilated, was calculated as:
Growth efficiencies. Gross growth efficiency K 1 (GGE) , which provides a n estimate of the proportion of the ingested food which is converted into growth (Sprung 1984c) , is given by:
IR Net growth efficiency K2 (NGE), which defines that growth (Sprung 1984c) , is calculated thus:
GR + RR
RESULTS

Variables of nurse eggs and embryos
Total dry weight (W), together with the weights of organic (OM) and inorganic (IM) matter of nurse eggs, are shown in Table 1 . The same variables for shelled embryos are shown in Figs. 1, 2 and 3 and are described by the following equations:
. These variables show a power increase in relation to embryo size. The caloric contents of eggs and embryos are shown in Table 2 . In both cases, caloric values are presented in relation to dry weight and ash free dry weight. The eggs had a higher caloric value than the embryos, which contain more inorganic matter. Growth rate
There was a linear relationship between developmental time (in days) and the increase in shell length (L = 209.29 + 49.7 D; r = 0.97; n = 54) (Fig. 4 ) , but a power relationship between developmental time and the dry weight of the embryo (Figs. 1, 2 and 3) .
The minimum length of hatching recorded was 1075 ktm and the maximum was 1600 um. Most embryos emerged from the capsule at 1100 to 1200;1m shell length. According to these data (Fig. 4 ) 
Respiration rate
The oxygen consumption (RR = m1 O2 h-') of a single nurse egg was calculated as 1.23 X Io-' m1 O2 h-'. In the case of embryos, individual oxygen consumption as a function of shell length is represented by the equation (Fig. 5) . The RR values are shown in Table 3 , and are calculated in m1 O2 h-' and mJ h-'.
Ingestion rate
The availability of nurse eggs per embryo was a decreasing exponential function of embryo length (Fig. 6) , and is given by: EE = 108.09 + . On the basis of this equation, the egg consumption per unit time was established and is summarized in Table 3 , according to the weight and length of the embryo. The amount of food ingested daily is expressed as a percen- tage of the embryo's body weight in Fig. 7 . Ingestion rates were very high for small embryos during the early stages of development, but decreased with increasing body size, almost reaching zero in individuals close to 1000 pm in shell length (Fig. 6 , Table 3 ).
Assimilation rate
Assimilation rate increased as the embryo increased in body size (Table 3) . When egg consumption is ex- Embryonic dry weight ( pg ) Fig. 7 . Crepidula dilatata. Relation between ingested ration d-' (expressed as percentage of dry weight) and body embryonic size (dry tissue weight) during intracapsular embryonic development pressed as percentage of embryo body weight, this, however, resulted in a high ingestion rate of nurse eggs during early development of the embryo, and, in a considerable reduction in egg consumption as the embryo grew.
Efficiencies
Gross and net growth assimilation efficiencies are shown in Table 4 . In all cases, total efficiencies exceed 90 %, implying high utilization of energy supplied by nurse eggs. 
DISCUSSION
In culture, encapsulated embryos of Crepidula dilatata presented a linear shell growth curve. Hatching from the capsule began when the embryo was 1075pm in length, the size reached after 17 to 18 d at 17+0.5"C, taken from the time at which the embryos develop a velum and show the first indications of shell formation. Maximum lengths recorded were ca 1600 kim, reached after 26 d of development at 17 + 0.5 "C. These values differ from those recorded by GaUardo (1979a) for the same species, who found a maximum length at hatching ranging from 900 to 1300 pm, although he added that 'in some populations of the channels in the South of Chile, the maximum can reach 1600ym'. Thus the length of the embryo at hatching varies between populations, perhaps reflecting selective pressures affecting optimal hatching size (Spight 1976b) . The mechanisms through which the size at hatching varies in this species may be related to the numbers of eggs and embryos per capsule, since it is closely related to the number of nurse eggs consumed by each embryo (Thorson 1950 , Fioroni 1966 , Spight 1976a , Gallardo 1979b , Rivest 1983 .
The dry weight and organic/inorganic content of embryos increased exponentially with shell length. The increase in organic matter is greater than that in inorganic matter, whlch is consistent with the observations of Holland & Spencer (1973) , who found that inorganic shell weight decreases proportionally with total dry weight during larval development in oyster Ostrea edulis. The small increase in inorganic matter results from the formation of the shell, which would not necessarily be highly calcified at this stage. For example, in the gastropod Searlesia dira, shell calcification is incomplete at hatching (&vest 1983) and further calcification occurs once the embryo emerges from the capsule. On the other hand, the high increase in organic matter in Crepidula dilatata is explained by the 3-dimensional growth of the embryo.
The caloric value of Crepidula dilatata embryos was 19.368 J mg-' organic matter, and of eggs 23.687 J mg-l organic matter, lower values than those reported for C. fornicata by Pandian (1969) (eggs = 6.209 cal mg-' organic matter; veliger = 5.298 cal mg-' organic matter). Veligers of C. fornicata store yolk in their own tissue and not in the form of nurse eggs as in C. dilatata, which accounts for the caloric differences between the 2 species.
Respiration rate increased as a power function of embryo length, in agreement with data for other molluscan larvae (Pechenik 1980 , Gerdes 1983b , Sprung 1984b , but the values for Crepidula dilatata were lower than those recorded for planktonic bivalve larvae, especially when expressed in terms of biomass (Sprung 1984b) . It is clear that the swimming of planktonic larvae (Sprung 1984a) as well as their filtering activity results in higher energetic costs. Neither of these considerations applies to C. dilatata embryos, since their movements within the capsule are minimal, and food (nurse eggs) is readily available within the capsule, close to the embryo. The low oxygen consumption can also be a consequence of the potential barrier represented by the internal capsule walls that confine the embryos , Wolf et al. 1985 , since in some cases (e.g. gelatinous egg masses of the opisthobranch Melanochlamys diomedea), long diffusion patterns result in reduced rates of gas exchange and excretion of waste products, leading to asynchrony in the development of the embryos .
Nurse eggs represent a source of food for the embryos in Crepidula dilatata, as in other species of molluscs (Spight 1976a , Gallardo 1977b , 1979b , 1981 , Pechenik 1984 . Furthermore, some authors have pointed out the possibility that 'aborhve embryos' may be used as food for embryos (Coe 1949 , Hendler & Franz 1971 , Gallardo 1976 , 1981 , Rivest 1983 ). This may also occur in C. dilatata, since abortive embryos were observed in the early development stages, but never in the final stages.
Considering only nurse eggs as a food source for embryos, ingestion can be calculated on the basis of the decrease in egg number in relation to time or embryos length. The relation between the number of eggs and embryos was variable among capsules, even within the same spawning (Gallardo 1976 (Gallardo , 1977a (Gallardo , 1979a . The number of available nurse eggs per embryo during early development ranged from 8 to 38 (Fig. 6 ) in the population of C. dilatata studied here, whereas Gallardo (1977a Gallardo ( , 1979a observed, in 2 other populations, a range of from 16 to 18 and 12 to 22 eggs per embryo respectively.
Ingest~on rate showed a logarithmic relation with embryo length. Most of this ingestion occurred during the early embryonic stages, decreasing as the embryo increased in size. According to this feeding behaviour, and from the high initial consumption by embryos about 300 pm in length, it appears that a high pro-portion of the organic material consumed is utilized during the subsequent stages of embryonic developl01 ment. A high initial rate of consumption has also been Growth rate described for other gastropods, such as Searlesia dira / 0 .~0 s w O .~' ( r . 0 . 9 9 ; n = l 2 ) (Rivest 1983) and Nucella crassilabrum (Gallardo 1979b) , and is possibly attributable to movements of o the early embryo within the capsule, perhaps to move lngeslion rate close to the nurse eggs. This capability would be lost y = 2 2 . 6 1 2 W -0.52 once the embryos increase in body size, completely filling the interior of the capsule.
Low consumption of nurse eggs was observed in embryos up to 1000pm in length, above which the embryos began to hatch, although in some cases the embryos continued growing within the capsule to lengths approaching 1600pm. The final stages of growth are not dependent on egg consumption, since the availability of nurse eggs is normally zero or very low when the embryo has reached 1000 Km in length, but on the egg 'reserves' that the embryo has built up during early development. Dissolved organic material may also be involved in embryonic growth, as indicated by Bayne (1968 ), De Mahieu et al. (1974 and Clark & Jensen (1981) .
The ingested ration, expressed as a percentage of the embryo dry weight, is high during the early stages of development, reaching a maximum of 70 O/ O d-l, and falling almost to zero when the embryo approaches the hatching size (Fig. 7) . Such high ingestion percentages have been reported for molluscan larvae as well as for juveniles and adults (e.g. Winter 1978 , Gallardo 1979b , Gerdes 1983a , Rivest 1983 , Winter et al. 1984 , Navarro 1988 ).
The energy invested in growth, which represents the main component of the energy equation, showed a large increase as the embryo increased in size. The balance point between energy ingested in the form of nurse eggs and energy invested in growth is reached in embryos of ca 650pm shell length. In larger embryos energy used for growth surpasses ingested energy (Fig. 8) . The resulting energy deficit is probably supplied by egg material stored in the stomach during previous embryonic development stages, and by other energy sources such as dissolved organic material present withln the capsule or the internal capsule wall (De Mahieu et al. 1974) .
Further confirmation for the use by advanced embryos of energy deposited by earlier ingestion of nurse eggs is provided by the data in Fig.9 , which shows that the curves relating stored energy and energy invested in growth to shell length are well separated for small embryos, indicating that ingestion exceeds metabolic costs, but when the embryos approach the hatching period the curves converge, even though ingested energy slightly exceeds the energy used in embryonic metabolism. The energy According to these energy balance calculations, and assuming that the intracapsular fluid may have some nutritive value (Bayne 1968 , De Mahieu et al. 1974 , the role of this fluid as a n energy source in this species is not likely to be significant . Nevertheless, it may play other important roles in the development of the embryo, such as providing an environment that (i) facilitates oxygen diffusion within the capsule and (ii) gives protection (Perron 1981a) by enabling flotation of the embryo (Rivest 1983) .
The encapsulation strategy in Crepidula dilatata appears to be efficient in providing energy to the developing embryos. The high growth rate of the embryos is attributable to this mode of nutrition by nurse eggs, and to the fact that practically all the energy ingested is converted into biomass. At the same time, the low energetic costs of respiration must be stressed, since mobilization in search of food is not needed.
The low energetic costs of Crepidula dilatata embryos, combined with the high assimilation efficiency, result in high growth rates that greatly exceed those planktonic larvae characteristic of other prosobranch gastropods when developed at 20°C or less (Table 5) . However, Perron (1981b) reported higher growth rates for some larvae of the genus Conus, although developing at higher temperatures (24 to 26 "C). Finally, the accumulation of biochemical energy reserves enables the embryo, once hatched at a length of 1100 to 1200 pm, to search for an appropriate site without any urgent need to feed or to form an appropriate structure for post-hatching feeding. The existence of these reserves of energy is evident in those embryos which continue their intracapsular growth up to 1600pm, since the consumption of nurse eggs is normally restricted to embryos smaller than 1000 pm in length. It is clear that intracapsular embryonic development, such as described here in C. dilatata, provides evolutionary advantages as proposed by Gallardo (1980) .
